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The aggressive biology and highly invasive nature of glioblastoma (GBM) make the prognosis poor for patients with this tumor. Despite a decade's worth of advances in surgery and chemoradiotherapy, patients diagnosed with GBM today have a mean life expectancy of only 14.6 months. 1 Because of the difficulties inherent in treating diseases of the brain, therapeutic options for GBM are disconcertingly limited. Advances in the field of neuro-oncology have certainly made the management of GBM more hopeful. Nevertheless, the neoplasm remains an irreversible catalyst for mortality. The gene therapy modality has afforded new therapeutic options that might yield more successful treatment of GBM.
There are 4 types of gene therapy currently being investigated for potential use in treating GBM: (i) suicide genes, which induce the localized generation of cytotoxic compounds; (ii) immunomodulatory genes, which induce or augment an enhanced antitumoral immune response; (iii) tumor-suppressor genes, which induce apoptosis in cancer cells; and (4) oncolytic virotherapy, which causes lysis of tumor cells while also delivering any or all of the aforementioned other types of gene therapy. Used alone or in combination, each type of gene therapy capitalizes on some factor of the genetic hyperplastic deregulation in GBM.
The delivery of genes to the tumor site is made possible by means of (i) vectors for direct delivery of therapeutic gene(s), (ii) tumor-tropic cell carriers expressing therapeutic gene(s), and (iii) intelligent carriers. These vehicles are used to carry genetic material to the site of pathology, with the expectation that they can provide specific tropism to the desired site while limiting interaction with noncancerous tissue. Currently, viral vectorbased methods are more commonly used than nonviral vectorbased methods, which are still considered experimental. 2 Here we provide a review of the types of gene therapy and the corresponding delivery systems. We then highlight prospective gene-therapy clinical trials of interest for GBM.
The Types of Gene Therapy
Gene therapy, which was developed as the horizontal transfer of genetic material for treating an array of genetic diseases, was initially established in the early 1970s to restore the function of defective genes. 3 However, gene therapy became a prevailing part of cancer research because of increasing interest in the role of gene function in the regulation of cancer. Clearly, a therapy that can specifically treat the neoplasm with minimal effects on the surrounding brain is very appealing, especially given the currently limited therapeutic options. Considering the unique challenges that GBM poses in neuro-oncology, specialized genes from all strata of cancer biology have been explored as potential therapeutic means.
Suicide Gene Therapy
The use of genes that encode enzymes able to convert a temporarily inert prodrug into an active cytotoxic compound is one of the most extensively studied types of gene therapy. The encoding genes are termed "suicide genes." The advantages and limitations of suicide gene therapy are summarized in Fig. 1 . Two well-studied suicide gene therapies are the herpes simplex virus (HSV) type 1 thymidine kinase (tk)/ganciclovir (GCV) system (HSV-tk/GCV) and the cytosine deaminase (CD)/ 5-fluorocytosine (5-FC) system (CD/5-FC). 4 In each of these combinations, delivery of a gene (tk or CD) to the tumor causes a systemically injected prodrug (GCV or 5-FC, respectively) to be converted to an activated chemotherapeutic agent (ganciclovir triphosphate [GCV 3-P] or 5-fluorouracil , respectively). To date, suicide gene therapy has demonstrated limited clinical efficacy for treatment of malignant glioma. 5 In a large phase III study, Rainov et al randomized 248 patients with newly diagnosed GBM to receive either standard chemotherapy and radiotherapy or standard therapy with adjuvant HSV-tk/GCV mediated through a retroviral vector. Although the gene therapy was safe, there was no significant difference between the groups in 1-year survival rates (55% for the control group vs 50% for the gene-therapy group). 6 Despite the absence of a demonstrated therapeutic effect for suicide gene therapy for GBM, exciting new developments in enhanced delivery 7 and synergistic addition of other chemotherapeutics 8 -10 have sustained interest in this therapeutic approach. By utilizing the tumor-tropic properties of mesenchymal stem cells, HSV-tk expressing MSCs can migrate to glioma tissue and exert enhanced antitumor activity. One such example is a study in which HSV-tk MSC treatment, in conjunction with valproic acid administration, significantly enhanced the antitumor response of suicide gene therapy by enhancing the bystander effect. 10 
Immunomodulatory Gene Therapy
Advantages and limitations of immunomodulatory gene therapy are summarized in Fig. 2 . Since recognition of tumor immunosurveillance, it has become widely accepted that growing tumors actively evade the immune system. Overcoming tumor-induced immunosuppression by enhancing the immune system is the overarching goal of immunotherapy, and successful therapies have been generated for solid and hematological malignancies in the clinical setting. 11 Primarily due to Fig. 1 . Examples, advantages, and limitations of suicide gene therapy.
Kane et al: Gene therapy, delivery systems, for GBM Neuro-Oncology ii25 the belief that immune cells cannot penetrate the blood-brain barrier (BBB), immunomodulatory gene therapy has only recently been suggested as an approach for GBM. 12 However, there is substantial evidence of tumor-induced immunosuppression in malignant gliomas. 13 -15 While the brain may be an immune-privileged site, it is clear that this privilege is not absolute.
Many immunotherapeutic approaches have been tested including blocking inhibitors of the immune response, 16 pulsing dendritic cells with tumor lysates, 17 and depleting suppressive cell types. 18 These therapies are demonstrably potent, for such combinatorial immunotherapies can completely eradicate GBM in mouse models. 19 For example, vom Berg et al demonstrated that combining interleukin-12 (IL-12) with cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) blockade significantly reduced regulatory T cells and increased effector T cells, resulting in extended survival compared with mice treated with either IL-12 or CTLA-4 blockade alone. 20 Future work should explore various gene combinations aimed at producing immune stimulation via different pathways. Furthermore, the use of immunomodulatory therapies in conjunction with standard care promises to yield therapeutic benefits. 12 For example, Zeng et al demonstrated that combining antiprogrammed-cell death (PD)-1 antibodies with stereotactic radiation worked synergistically to greatly improve survival in a mouse model of glioma. 21 
Tumor-suppressor Gene Therapy
Tumor-suppressor genes are critical for the prevention of oncogenesis. In GBM, all patients have at least one tumor-suppressor gene that is either mutated or deleted; in 91% of patients, 2 or more of these tumor-suppressor genes are inactivated. 22 Therapies have been devised to deliver genes encoding functional tumor suppressors to the site of neoplasia in order to restore their function and directly impede unregulated growth (Fig. 3) . For instance, the delivery of genes encoding p53, 23 cyclin inhibitors 24 and, more recently, miRNAs 25, 26 has been shown to increase survival significantly in animal models. To date, clinical trials have not shown the same efficacy as preclinical animal models, possibly due to the lack of proper delivery systems. For example, Lang et al used an adenovirus vector to transfer genes encoding p53 into 12 patients with recurrent glioma. Although toxicity was minimal, widespread distribution of the agent was not achieved. 27 Another recently developed methodology involves RNAguided use of chimeric nucleases to disrupt, remove, or even replace mutated DNA in target cells. These include zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and clustered regularly interspaced short palindromic repeat (CRISPR)/Cas-based endonucleases. 28, 29 In the context of GBM, delivery of these nucleases could potentially be used to replace mutated tumor suppressors (eg, p53, pRB, or PTEN) with functional gene versions. While this approach has not yet Fig. 2 . Examples, advantages, and limitations of immunomodulatory gene therapy.
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Enhancing Gene Therapy by Targeting the Tumor Microenvironment
Apart from targeting the neoplastic cells directly, another strategy is introducing genes that may alter the tumor stroma in order to create unfavorable conditions for tumor growth or enhance the efficacy of therapy. One such approach targets the tumor extracellular matrix (ECM) proteins with proteases that degrade and remodel the ECM to augment the spread of a therapeutic virus throughout the tumor site. Dmitrieva et al demonstrated that this approach could be clinically beneficial, showing that an oncolytic virus expressing an ECM-degrading enzyme had improved spread throughout the tumor and greater therapeutic efficacy than a virus without the ECM-degrading enzyme. 30 
Oncolytic Virotherapy
While viruses are the most efficient vectors for delivering a therapeutic gene to tumor cells, oncolytic virotherapy itself can also be considered a mode of gene therapy for treating GBM (Fig. 4) . The implementation of viruses to induce the lysis of tumor cells is an attractive avenue of therapy since its effects can also be broadened to neighboring cells through what is aptly termed the "bystander effect." Furthermore, oncolytic viruses have also been demonstrated to promote an effective antitumoral immune response. 31 These observations, along with the potential for applied modification and generation of these viral particles, suggest that oncolytic virotherapy can be an exceptional resource for potential GBM treatment.
Many viruses have the capability to induce tumor-cell lysis in GBM models, although the 2 most widely studied oncolytic viruses are adenoviruses (Ads) and HSV-1 viruses. 32 Both of these double-stranded DNA viruses allow for extensive modification in directing their tropism and ability to carry therapeutic genes. Additionally, a number of other viruses have been tested, 33 and many are in phase I and II clinical trials. These viruses must be inherently replication competent to induce lysis. As such, further modification is required to limit their toxicity to surrounding nonneoplastic tissue, making them tumor tropic or by limiting their replication to cancerous cells. 34 The imposing problem concerning oncolytic virotherapy, however, is that the host immune system might effectively clear the oncolytic viruses before they can provide any notable benefit. 35 Because of this complication, suppressing the immune system, augmenting the immunogenicity of the virus, or a different method of delivery is required for this therapy to be effective in the clinical setting.
Summary
Researchers are utilizing these types of gene therapy, often in combination with one another, to elicit a potent antitumor response in preclinical studies. More experimental studies are presently in development that exhibit distinct potential to Kane et al: Gene therapy, delivery systems, for GBM further promote this marked antitumoral effect. Although limited data are available to support the effectiveness of gene therapy for GBM, the safety of its usage is now well established. Another hurdle that persistently plagues all of these therapeutic modalities is their delivery. In the clinical setting, gene therapy will only be as efficacious as its ability to be delivered. In the following sections, we will evaluate the recent advances that have resulted in more efficient delivery of these therapeutic genes.
Delivery Methods for Gene Therapy
Direct Delivery of Therapeutic Gene(s) into the Tumor Site: Virus Mediated
Modification of viruses to infect and alter the fate of glioma cells offers a unique opportunity for GBM therapy. Many viral vectors have been developed to eliminate glioma, either in combination with conventional therapy or with other novel therapeutic regimens. In the following sections, we discuss the viral vectors that have been best studied for gene delivery and most commonly used.
Adenovirus
Among many human Ads, the human adenovirus serotype 5 (HAd5) is the most commonly used for gene therapies. 36 The primary receptor of HAd5 is coxsackievirus and adenovirus receptor (CAR), which is poorly expressed in GBM. Therefore, the fiber of HAd5 (ie, its receptor-binding motif) is modified to achieve higher infectivity in glioma cells. This effect can be achieved by incorporating a polylysine or RGD domain on the fiber to infect the glioma efficiently and deliver the therapeutic agent. 36, 37 These genetically modified HAd5 vectors have been previously designed to secrete cancer-specific cytotoxic proteins (eg, TRAIL 38 ) or suicide genes (eg, HSV-tk) in conjunction with an immunostimulatory cytokine (Flt3L). 39 As mentioned above, mutations in tumor-suppressor proteins such as p53 and absence of functional apoptosis are well documented in a considerable subset of GBM patients. Therefore, researchers have utilized HAd5 vectors to express WT-p53 or proapoptotic Bax, causing glioma cells to undergo apoptosis (with the latter also sensitizing glioma cells to radiation). 40, 41 Furthermore, oncolytic HAd5 vectors have been modified to produce antiangiogenic agents such as Vstat120 for glioma therapy, which improved survival in preclinical rodent models. 42 Herpes Simplex Virus-1 HSV-1 has been widely employed as a potential therapeutic agent for GBM because of its neurotropism and large packaging capability for therapeutic genes ( 160 Kb of DNA). HSV-1 is also well suited for gene therapy in the CNS because of its capacity for long-lasting gene expression in neurons. 43 Multiple potentially therapeutic genes have been investigated for glioma using HSV-1 as the vector. For example, Ho et al modified HSV-1 to express cytotoxic FasL and FADD (pG8-FasL/ Kane et al: Gene therapy, delivery systems, for GBM ii28 FADD), which caused cytotoxicity to glioma cells. Further, the pG8-FasL/FADD virus, when inoculated intracranially into a DGli36 model of human glioma, in combination with temozolomide, improved survival. 44 Zhang et al generated oncolytic HSVs that encoded either the antiangiogenic angiostatin or the immunostimulatory IL-12. When these separate viruses were inoculated together in 2 different models of GBM (U87MG, MGG4), the experimental findings demonstrated significant survival benefit compared with that achieved using either individual virus alone. 45 To date, multiple clinical trials have used oncolytic HSV-1 as a vector for therapeutic genes in participants with malignant gliomas, thus paving the way for development of a more advanced generation of viruses that may provide more significant clinical benefit.
Adeno-associated Virus-2
Adeno-associated virus-2 (AAV-2) has also been utilized for viral gene delivery, although less commonly than other viruses because (i) only small genes (,4 Kb) can be inserted into the AAV-2 genome and (ii) the virus exhibits a limited cell-targeting ability. However, AAV-2 still presents a clinically viable option as a vector based on the low immunogenicity and minimal side effects noted in clinical trials. 46 In a recent report, Ma et al used an AAV-2 vector that had been modified to express the anticancer gene decorin in an animal model of GBM and demonstrated marked regression of tumor. 47 In another report, Ma et al modified the AAV-2 vector to express the angiostatin gene that, combined with Ad-carrying HSV-tk, improved survival in glioma-bearing rats. 48 Interestingly, these researchers also reported that a single intramuscular injection of AAV-2 expressing angiostatin inhibited angiogenesis and improved survival in a preclinical mouse model. 48 
Other Viral Vectors
To identify better viral vectors for gene delivery, many different viruses have been explored. For example, when Masuda et al used hemagglutinating virus of Japan envelope (HVJ-E) as a viral vector injected intratumorally into mice, they found improvement in tumor cytotoxicity and survival. 49 Additionally, Yamanka et al found that Semliki Forest virus (SFV), used as a viral vector expressing IL-18, increased antitumoral immunity when injected intracranially into a B16 brain-tumor model. 50 Moreover, when Timiryasova et al used replication-deficient vaccinia virus (VV) as a viral vector expressing WT-p53 in combination with mild psoralen and ultraviolet light, they found that apoptosis was induced in an animal model and that tumor growth in nude mice was significantly reduced. 51 Finally, Tanaka et al found that using a retrovirus as a viral vector expressing a secretable form of the antiangiogenic protein platelet factor 4 inhibited endothelial cell proliferation and improved animal survival in an orthotopic glioma model. 52 Direct Delivery of Therapeutic Gene(s) into the Tumor Site: Nonviral Vehicle Based
Aside from the use of viruses as carriers of therapeutic genes, other carriers capable of crossing the BBB have been developed to combat GBM as well.
Nanoparticles
Nanoparticles represent a burgeoning fleet of delivery vehicles for the treatment of GBM. Nanoparticles can be broadly defined as small subcellular objects (,100 nm). They can be further classified based on their composition or physical properties and can be generated in the laboratory in a number of ways to induce tumor-targeting specificity. Nanoparticles tend to accumulate within tumors. A number of explanations have been proposed to explain this phenomenon, although conclusive support for any one explanation has not yet been established. 53 -55 A wide variety of nanoparticles have been devised, and some are currently being tested in the clinical setting. 54 Silver and gold nanoparticles have been particularly favorable because they are inert, nonimmunogenic, and capable of passing the BBB while also promoting chemo-and radiosensitization to cancer cells. 56 In another promising class of nanoparticles, multi-walled carbon nanotubes can be carriers of plasmids or chemotherapeutics and can be designed to have tumor-targeting capabilities. 57, 58 Carbon nanotubes can have polyethylene glycol (PEG) chains attached as well and have been shown to accumulate preferentially within the tumor. 58 
Liposomes and Micelles
Liposomes and micelles are lipid nanoparticles designed in similarity to the lipid bilayers of cells. A liposome is a complete lipid bilayer, and a micelle is a lipid monolayer. A liposome has a hydrophilic core, and a micelle has a hydrophobic core, thereby allowing for packaging of a wide variety of therapeutic genes. By incorporating PEG chains onto the surface of these carriers, different molecules can be added to increase their targeting to specific tissues. Adding PEG chains also prevents uptake by phagocytic immune cells, significantly increasing half-life in vivo. 55 The BBB endothelium also expresses high levels of transferrin receptor, and many studies have shown that adding transferrin to the surface of liposomes and micelles allows more efficient delivery of chemotherapeutics to the glioma tissue. 59 -61 In some instances, researchers have placed 2 different targets on the surface of a liposome (one to cross the BBB and one to target the glioma); this strategy has successfully delivered chemotherapeutics in a selective manner, with potential reduction in toxicity to nonneoplastic tissues. 59, 62 In an in vivo study, Gao et al attached transferrin and folate to the surface of liposomes due to high expression of the folate receptor on glioma cells. By loading these liposomes with doxorubicin, they observed specific and potent antitumor effects. 59 In an in vitro and in vivo study, Yang et al used angiopep-1 and the neuropilin-1 receptor to cross the BBB and target glioma. By loading these targeting liposomes with VEGF siRNA or docetaxel, they elicited an effective antitumor response. 62 Although initial clinical trials utilizing lipid nanoparticles have not demonstrated very substantial therapeutic efficacy, 61 the development of better liposomal targeting and conditional drug-releasing liposomal carriers (discussed in the section below on intelligent carriers) has potential for better outcomes in the future.
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Tumor-tropic Cell Carriers Expressing Therapeutic Gene(s) in the Tumor Site
Neural Stem Cells
Neural stem cells (NSCs) have a natural tropism toward brain tumor tissue. 63 NSCs are the progenitors to most cells of the CNS and can be isolated and expanded in vitro from both humans and mice. 64 The tumor-tropic capabilities of NSCs and their ability to stably express introduced genes make them ideal cell-based carriers. 63 Another fascinating aspect of NSCs is that they can be delivered not only through systemic injection but also by an intranasal route, which also allows them to reach the intracranial tumor site. 65 Experimentally, NSCs have been loaded with a variety of genes and delivered successfully to the tumor site. For example, NSCs loaded with oncolytic adenovirus have been found in vivo to travel efficiently to the tumor and reduce tumor growth. 66 NSCs have also been engineered to transport an array of cytokines, nanoparticles, and enzymes for converting inert prodrugs into chemotherapeutics. 67 Also, NSCs have been engineered to express TRAIL, and their delivery can reduce glioma tumor burden significantly in mice. 68, 69 By utilizing the CD/5-FU system described above, Aboody et al recently found that human NSCs expressing CD reduced glioma burden significantly in immunocompetent mice injected with 5-FC. 70 In the future, more effective means of isolation and propagation will be required to make NSCs more useful for clinical applications.
Mesenchymal Stem Cells
Mesenchymal stem cells (MSCs) are relatively easier to isolate than NSCs. They can be obtained autologously from the bone marrow and then be manipulated and inserted back into the same patient, thereby preventing an allogeneic response to the carrier. 71 Like NSCs, MSCs can be loaded with therapeutic genes and delivered to the tumor. MSCs have also been engineered to express TRAIL 72 and CD 73 with potent antitumor effects. When umbilical -cord-derived MSCs expressing IL-12 were injected into glioma-bearing mice, the tumors were rejected; the mice were also resistant to rechallenge, which is a hallmark for immunological memory. 55 For reasons not yet completely elucidated, MSCs and NSCs have similar glioma tropism and thus have great potential as carriers. 74 Understanding the properties that allow NSCs and MSCs to migrate efficiently to the tumor will be critical for enhancing their tumor tropism and improving their use as stem-cell carriers for gene therapy.
Intelligent Carriers
As technologies evolve, many laboratories have begun to develop new intelligent techniques designed to increase delivery, specificity, and tumoral toxicity against GBM.
The acidic intratumoral pH of glioma is important for brain tumor maintenance; hence, pH-sensitive therapies are being developed as attractive options for treating GBM. 75 Many groups have devised pH-sensitive molecules that only deliver their therapeutic cargo at a low pH. 76 -79 Our group has recently explored this approach and shown that it is possible to enhance the delivery of doxorubicin specifically to the glioma microenvironment by loading NSCs with pH-sensitive mesoporous nanoparticles,. 79 While pegylating liposomes and micelles is beneficial to their stability and targeting capabilities, it also makes them resistant to intracellular degradation, thus preventing the release of their genetic cargo and hindering their efficacy. By adding pH-sensitive components to lipid nanoparticles, more efficient and directed delivery of genetic cargo can be achieved. 76 Furthermore, liposomes and micelles can be used to encapsulate many nanoparticles to aid their targeted delivery to the tumor. 80 The approach of enhancing the specificity of stimuliresponsive therapies has shown therapeutic potential in the clinical setting. These particles respond to a number of external stimuli-including, but not limited to, infrared radiation, 81 magnetic fields, 82 and ultrasound 83 -to induce tumor cell death through the release of chemotherapeutic compounds or RNA interference, physical disruption, and thermolysis. 84, 85 There is an unlimited potential for developing future therapies by coupling these stimuli with other delivery systems, thereby creating multifunctional carriers. While several of these multifunctional therapies have not yet been explored in GBM, we can expect to see them in the near future with hopefully better outcomes for patients suffering from this highly lethal malignancy.
Summary of Delivery Systems
The delivery systems for gene therapy are as varied as the cargo they carry. Each carrier has its advantages and limitations, which are summarized in Table 1 . Using viruses as delivery systems is advantageous because they can be extensively manipulated for tumor-specific tropism and have been shown to be safe in the clinical setting. Furthermore, conditionally replicative viruses can be used to both lyse the tumor cells they target and carry therapeutic genetic material. Such viruses have the potential to synergistically spread the virus to the entirety of the tumor. However, the fact that they are recognized by the immune system, and as such have limited tissue distribution capability, hinders their use. Conversely, stem cells have intrinsic tumor tropism with the potential to allow greater tumor targeting and distribution of therapeutic cargo; however, their use is hampered by the fact that they have tumorigenic potential, can be killed by the therapy they are carrying, and can be rejected if they are not autologously acquired.
Nanoparticles represent a broad and diverse set of gene therapy carriers. They can be metals, liposomes, polymers, and often times a mixture of these. With their virtually unlimited potential for modification, tendency to accumulate passively within tumors, and engineered stability in vivo, they present some of the most exciting carrier options to date. Furthermore, researchers have modified nanoparticles to become intelligent. By responding to intratumoral pH or external stimuli, nanoparticles can selectively release cargo and specifically exert their antitumor effects. This can prevent toxicity to surrounding tissue and has the potential to deliver even stronger therapeutics to the tumor. While their capacity for tumor targeting and intelligent release has been demonstrated in preclinical research, their efficacy in the clinical setting has not yet been evaluated. Extensive research will undoubtedly Kane et al: Gene therapy, delivery systems, for GBM ii30 uncover new and exciting ways to manipulate these different carriers for therapeutic benefit.
Current Studies of Interest
Encouraging preclinical results using gene therapies for GBM have led to a series of human clinical trials. Table 2 lists current clinical trials using gene therapy for GBM. Highlighted below are current and recently completed clinical trials of interest.
A current phase II trial (NCT00589875), which employs AdV-tk and valacyclovir together with standard surgery and chemoradiotherapy, has generated interest. This study expands on a phase IB trial conducted by Chiocca et al, 86 in which the gene therapy showed potential efficacy without side effects and was independent of the patient's MGMT promoter methylation status. In this trial, 12 participants with newly diagnosed malignant gliomas received intratumoral injections of AdV-tk vector particles at the time of surgery. The participants then received valacyclovir followed by radiation therapy. After 14 days of valacyclovir treatment, temozolomide was administered. Twenty-five percent of the participants survived for 3 years, and post-treatment histological analyses showed significant CD3+ T-cell and CD68+ macrophage infiltrate present in tumors 22 months after the AdV-tk injection. This suggests that the treatment has potential for promoting productive immunity against the tumor.
86
A recent phase III clinical trial completed by Ark Therapuetics Ltd. employed a nonreplicating adenoviral vector that encodes the HSV-tk followed by ganciclovir administration (Cerepro or sitimagene ceradenovec) in participants with supratentorial GBM. 87 Although this trial was considered unsuccessful, a number of factors have emerged that potentially hampered the efficacy of the treatment. There is still a belief that this therapy could yield a small yet clinically significant benefit, particularly if gene delivery to the tumor is improved or if the gene therapy is combined with other treatments. 88 One promising virotherapy, which has progressed to phase I clinical trials (NCT00805376 and NCT01956734), uses an oncolytic adenovirus called DNX-2401 (previously referred to as Delta-24-RGD-4C) for the treatment of recurrent malignant glioma. This virus has been modified so that it can efficiently infect cells through interaction between the RGD motif of the adenovirus fibers and the integrins on cells (ie, the viral infectivity no longer relies on poor CAR expression by the glioma cells) and has been made conditionally replicative so that it only replicates in cells with inactive retinoblastoma protein such as cancer cells. This modified virus has demonstrated robust efficacy in preclinical experiments. 89 Based on encouraging preclinical experiments, 70, 90 preliminary findings reported by Tocagen, Inc., from 2 ongoing clinical trials (NCT01156584 and NCT01470794) have been largely positive. The studied treatment, which used a replicating retroviral vector (Toca 511) in conjunction with 5-FC, was well tolerated in 68 participants, with higher survival rates at 6 and 12 months. Moreover, after Toca 511 treatment, there appeared to be evidence of immune activation against the residual tumor. These results are encouraging with regard to future trials that aim to combine antitumor immune activation with another therapeutic agent such as oncolytic viruses or drugloaded nanoparticles. Kane et al: Gene therapy, delivery systems, for GBM Another clinical trial (NCT01172964) is attempting to improve therapeutic efficacy in participants with recurrent highgrade glioma by modifying NSCs to express CD. 63 Should this stem-cell carrier approach prove to be reasonably safe, it can be used to deliver other types of gene therapy such as AdV-tk or oncolytic viruses. Other stem-cell carriers such as MSCs, which have also delivered enzyme-prodrug therapy successfully in animal models, warrant investigation in future clinical trials. 91, 92 The majority of completed clinical trials have relied on the administration of a single therapeutic agent. However, as evidence from preclinical and clinical studies has accumulated, it appears that a combination of targets allowing for a multifaceted eradication of the tumor might prove to be more effective. 19 Today, finding the right combination of gene therapy, virotherapy, and immunotherapy, as well as the best way to delivery these platforms to the tumor, is a dominant theme concerning the use of gene therapy for treating GBM. A series of upcoming preclinical and clinical trials will explore the effects of combinations of oncolytic virotherapy and immunomodulation in an attempt to produce synergistic tumor subtraction. In the meantime, more clinical trials are urgently needed to explore the efficacy of different vehicles for gene therapy delivery as they are developed.
Conclusion
The ineffectiveness of current treatments for GBM provides researchers and clinicians alike with compelling reasons to test highly unconventional therapies for this disease. Although there is limited evidence of a therapeutic benefit to date, a number of clinical trials have convincingly established that different types of gene therapies delivered by various methods appear to be safe. 93 The efficacy of current glioma therapies can be enhanced by more efficiently and specifically designed approaches (eg, tumor-specific killing, manipulating the tumor microenvironment, and maneuvering the immune system) to tilt the balance toward antitumor immunity. In combination with intelligently designed, tumor-specific viral and nonviral delivery systems, these novel therapeutic strategies could yield profound improvements in GBM patient survival.
New and exciting means for gene therapy are already on the horizon. As described above, the CRISPR/Cas system is a recently developed approach that allows directed insertion of genetic material anywhere in a target cell using guide DNA. With this technique, mutated genes are disrupted and replaced with functional ones. 28, 29 The technique has enormous potential for use in gene therapy for GBM.
With regard to carriers, new discoveries are being made on a continuing basis. Recent studies have dramatically enhanced the loading capabilities of magnetic nanoparticles while maintaining their multi-targeted approach. 94 Ma et al have devised nanoparticle carriers that cause photosensitization by x-rays, a potential way to target deeply-rooted tumors using photodynamic therapy. 95 Due to the flexibility of specialized carriers and genetic material, the technology for generating new and more effective therapies already exists. The field of gene therapy is exploding with new advances occurring on a rapid basis, and the possibilities for the future treatment of GBM are virtually unlimited. With a basic understanding of the current status of GBM research, both in preclinical and clinical settings, we hope this review can provide a basis for other researchers to develop their own novel and innovative therapies.
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